Thank you for submitting your manuscript on MutS conformational dynamics for consideration by The EMBO Journal. Please excuse the delay in getting back to you with the outcome of its evaluation, related to initial difficulties in finding three available referees with appropriate expertise, and to the need for further consultations arising from the three sets of comments we in the meantime received. As you will be able to see from these reports copied below, the reviewers in principle appreciate the importance and rationale of your study; yet they raise a substantial number of both major and specific issues, including several key concerns with the potential to confound the main conclusions and interpretations of the study. These problems are most clearly stated by referee 1 (major points 1 & 2), and following additional consultations with the other referees, we have come to the conclusion that we will not be able to proceed further with this study unless these criticisms can be decisively addressed and confounding alternative scenarios ruled out. I realize that this may require a substantial amount of further time and effort of unclear outcome, and I therefore do not see myself in the position to make any strong commitments on eventual acceptance of the study at this point. However, should further work allow you to decisively address the problems raised by the reviewers, then we should be able to consider a revised version of the study further at The EMBO Journal. In this respect, please note that it is our editorial policy to allow only a single round of major revision, and acceptance of your manuscript will therefore depend on the completeness of your responses to all referee comments at the stage of this revision. Therefore, should you have any concerns regarding the experiments requested by the reviewers, I would encourage you to get back to me for further consultations.
We generally allow three months as standard revision time, and it is our policy that competing manuscripts published during this period will have no negative impact on our final assessment of your revised study. However, we request that you contact the editor as soon as possible upon publication of any related work, to discuss how to proceed. Should you foresee a problem in meeting this three-month deadline, please let us know in advance and we may be able to grant an extension.
When preparing your letter of response to the referees' comments, please bear in mind that this will form part of the Review Process File, and will therefore be available online to the community. For more details on our Transparent Editorial Process, please visit our website: http://www.nature.com/emboj/about/process.html Thank you for the opportunity to consider your work for publication. I look forward to your revision.
Yours sincerely, Editor
The EMBO Journal _____ REFEREE REPORTS:
Referee #1 (Remarks to the Author):
Qiu et al. demonstrate the signaling conformations and the role of nucleotides for the conformations in Thermus Acquaticus MutS (Taq MutS) during DNA mismatch repair in the manuscript entitled "Large conformational changes in MutS during DNA scanning, mismatch recognition and repair signaling". From single-molecule FRET experiments, the authors conclude that when ATP-bound MutS formed at the mismatch is released from the mismatch, there exists an intermediate state between the mismatch binding and the release from the mismatch and both ADP and ATP binding to MutS is required for the transition to a sliding clamp. However the manuscript should not be considered for publication until two major concerns are addressed: 1) MutS is mutated and labeled at a sensitive position near the dimer interface in the DNA binding domain. Since the dye-labeled M88 residue of Taq MutS is in a structurally conserved region, it can alter the functions of MutS. The ADP and ATP association with MutS is the main issue in this manuscript, but nonetheless the authors should have presented adenosine nucleotide binding data as well as mismatch-dependent ATPase data as a minimal functionality test of the labeled mutant.
2) The authors inserted a Cy5 dye between DNA backbone (Supplementary Information) . This design will almost certainly interfere with the structure of the mismatched DNA and may introduce some structure that is differently and/or aberrantly recognized by MutS. The Cy5 label should be on a base in a position that will not hinder the pairing of the nucleotides or otherwise interfere with the DNA structure. This possible undesirable mismatch construction could easily mislead or at worse result in completely erroneous results different from the original functions in the mechanism of DNA mismatch repair.
The data, experiments, and interpretation by the authors also raise many concerns and questions: 1) The authors showed that the DNA binding activity of the mutant and dye-labeled (Cy3 or IAANS) MutS for mismatched DNA is similar with the wild type MutS in ensemble measurements. However why were the single-molecule experiments done with Alexa dye-labeled MutS? Different dye can alter the interaction with the surrounding residues.
2) The authors should have also compared the DNA binding affinity measured in bulk measurement with that in the single-molecule experiment. 3) MutS on 500 bp homoduplex binds longer than 17.5s (2.5s at high FRET + 15s at low FRET) (Page 7 line 7~8). In fig.5 , the dwell time at the mismatch in the presence of ADP is 2.25s, which is 16 times shorter than 37s measured in the previous report (Jeong et al. 2011) . This result suggests that MutS binding to the mismatch is weaker than on the homoduplex? 4) The authors did not observed the DNA binding in the presence of ATP S without ADP. It could depend on the incubation time of DNA and ATP S. For the their conclusion, they need to count the number of events at various incubation times. It would be expected to be lower. fig.5 , the authors described that only 22% of the binding events in the presence of ATP form a sliding clamp. And why is the dwell time (4.16s) at the mismatch before the transition longer than that (2.25s) in the absence of ATP? They should have done the same experiment at higher concentration or lower concentration of ATP to address the effect of ATP binding to the sliding clamp. 6) The authors conclude that the DNA binding domain I opens in the sliding clamp, which indicates that the MutS is expected to be much less contact with DNA than MutS that searches the mismatch. One accepts that the direct contact between DNA and protein can retard the diffusive motion of the protein due to the potential well formed along the DNA. The diffusion coefficient of the sliding clamp was measured as 0.005 m2/s that is 6 times slower than that of the mismatch searching MutS (0.03 m2/s). How can it be possible? 7) The major conclusion of this paper surrounds the nucleotide occupancy that results in conformational transitions. Yet nowhere in the manuscript is there actual data that demonstrates nucleotide occupancy. Thus, even if the MutS protein is functioning normally (see major concern above), the actual disposition of nucleotide binding within the protein is entirely unknown and the conclusions nothing more than speculation. 8) The manuscript is poorly written and presented. The authors describe the distribution of the FRET as "broad" or "narrow". These results can be expressed as a number like a standard deviation of the histogram. Moreover, how do they define the peak of the histogram?
5) In
Referee #2 (Remarks to the Author):
This paper uses single-molecule FRET (smFRET) to examine the conformational changes in Thermus aquaticus MutS (labeled with donor/acceptor dyes in the mismatch binding domain (domain I)) during DNA scanning, mismatch recognition and signaling and its modulation by adenine nucleotides. In addition, smFRET between donor-labeled Taq-MutS and acceptor labeled heteroduplex DNA is used monitor these processes.
The key experimental results from this study for donor/acceptor labeled MutS are: 1) conformational changes in MutS can be monitored by smFRET using donor/acceptor labeled mismatch binding domains both in the absence and presence of homo-or heteroduplex DNA (Fig 2-3) . 2) On heteroduplex DNA, mismatch recognition leads to a high FRET state (no nucleotide or ADP) (Fig. 3+4 ).
3) On heteroduplex DNA (blocked-ends) ATP or ATPgS result in the formation of a low FRET state (often via a mid-FRET state) (Fig. 3 ) 4) Low ADP followed by high ATP or (ATP S) lead to partial formation of a low FRET state ( Supplementary Fig. 4 ).
The key results from this study using donor labeled MutS and acceptor labeled DNA are: 1) on heteroduplex DNA, a high FRET state is observed with ADP which is converted to a low FRET state by ATP S (Fig. 4 ) 2) Absence of nucleotide prior to addition of ATPgS prevents complete conversion of the high FRET state to a low FRET state (Fig. 4) .
3) The lifetime of the high FRET state is 2.25 sec with ADP and 2.22 sec with ATP (80 %) (Fig. 5) 4) 20 % of the high FRET state with ATP shows sequential transitions from a mid FRET to a low FRET state (Fig. 5) Based on these results the key conclusions by the authors are: 1) domain I display large and dynamic conformational changes 2) in the presence of a heteroduplex DNA the distance between domains I is short (closed conformation) similar as observed in crystal structures 3) a mixed nucleotide state (ADP/ATP) is required to allow the formation of the sliding clamp state 4) The transition from the mismatch recognition to the signaling state occurs in two steps with two conformational transitions in MutS 5) the sliding clamp or repair signaling state has a larger distance between domain I.
The results are summarized in a model (however without showing kinetic constants derived during this study or related studies).
The smFRET data appear are of high quality and may help to increase our understanding of MutSnucleotide and MutS-DNA interactions, especially as (if confirmed by additional controls) a new step in the ADP/ATP exchange pathway during transition from the mismatch recognition to the repair signaling state is reported. Noteworthy, this is the first single-molecule study on the mismatch repair system that combines the analysis of conformational changes within the MutS protein and the interaction between MutS and the mismatched DNA.
However, in the present form and without additional data I am not convinced that these data resolve the assignment of their steps to the ADP/ATP state in the mechanism by which MutS converts from a searching/DNA scanning state to a mismatch recognition and more importantly repair signaling state which is currently under debate (see below). Surprisingly, the authors do not mention that Taq-MutS can exist in a tetrameric form under the conditions used here (typically 10 nM) although they reported before: "under the conditions of our experiments [10 -20 nM protein], both E. coli and Taq MutS exist primarily as dimers and tetramers, with 50% dimers for E. coli MutS and 75% dimers for Taq MutS, independent of whether they are bound to DNA. (Wang, H., Yang, Y., Schofield, M.J., Du, C., Fridman, Y., Lee, S.D., Larson, E.D., Drummond, J.T., Alani, E., Hsieh, P. et al. (2003) DNA bending and unbending by MutS govern mismatch recognition and specificity. Proc. Natl. Acad. Sci. U.S. A., 100, 14822-14827.) . In light of the recent AFM-study on E. coli MutS (Jiang, Y. and Marszalek, P.E. (2011) Atomic force microscopy captures MutS tetramers initiating DNA mismatch repair. The EMBO journal) the authors need to address this point and/or make sure, that in their experiments the presence of tetramers can be excluded. Proc Natl Acad Sci U S A (2011) the authors should take the opportunity during revision to discuss in detail similarities and differences between these models. Interestingly, all three studies come to different models regarding the nucleotide status of intermediates preceding and the sliding clamp form of MutS. For example in the study on MutSalpha by Heinen et al. a ADP/ATP state is regarded as a dead-end complex whereas a nucleotidefree form is a key intermediate.
I have several points (as detailed below) about missing controls/experiments that are needed to substantiate the conclusions made:
Other points (listed in the order of appearance in the manuscript: Section: Nucleotides modulate the conformational dynamics of free MutS The authors use molecular dynamics simulations of MutS modified with the dyes used in smFRET ( Figure 1 ). "Molecular dynamics (MD) simulations suggest the average fluorophore separation (red/magenta dots Fig. 1b ) is 20 ≈ in the crystal structure conformation, which predicts FRET efficiency near 1."
Please show the distributions in the supplement.
The authors state that the "Molecular dynamics simulations (supplemental methods) suggest the low FRET species involve conformations with domains I 'swung-out'".
Several assumptions are made when calculating distances only from FRET efficiencies. For example, the quantum yield of the dyes should not change between the states. Moreover, the mobility of the dyes, which can be measured by fluorescence anisotropy (see also vanBeek et al, Biophys J. 2007 June 15; 92(12): 4168-4178) . Since the dyes are large it is not unlikely, that conformational changes in MutS lead to changing in these parameters of the dyes and hence increase the uncertainty in calculating distances. In the supplement they state:
"We observed dynamic motions of domains I consistent with the range of FRET values observed in our solution experiment (Figure 1c ). These simulations are not realistic and are only intended to suggest the possible range of positions and orientations of domains I relative to the remainder of MutS."
Although the authors seemed to be aware of the limitations of the MD simulations, Figure 1 is very suggestive but maybe misleading at the same time. As the authors point out, in the absence of DNA both domain I and domain IV are not visible in the crystal structure and likely both flexible (as illustrated in the model in Figure 7 .
The authors use a MutS mutant containing a single cysteine at position 88 in the domain I of the homodimer. The protein was labeled with Cy3-maleimide or IAANS-maleimide and found to display similar DNA binding affinities to a T-bulge containing DNA (length and sequence not specified but I guess the same DNA was used as in Jacobs-Palmer and Hingorani, 2007) labeled with TAMRA (fluorescence anisotropy). (I guess measured in the absence of nucleotide since this was not stated) However, for the single molecule experiments Taq-MutS labeled with either Alexa Fluor 555 and Alexa Fluor 647 or only labeled with Alexa Fluor 555 were used.
Criticism: since a major part of the experiments aim at the influence of adenine nucleotides on the conformational changes in MutS, the authors should provide evidence that the labeled MutS (with the dyes used for the smFRET experiments) is functional. In principle, I do not doubt that this will be the case, but given the confusion and the various models existing already in the literature on the DNA scanning, mismatch recognition and repair signaling process it is an important control. Since the group of M. Hingorani has well established assay to test this, I recommend performing presteady state ATP-hydrolysis experiments. Since Alexa Fluor 555 and 647 are used, the labeled protein could be used in an ATPase assay with MDCC-labeled phosphate binding protein as has been done before (Jacobs-Palmer and Hingorani, 2007 ).
The authors demonstrate that FRET efficiency between donor/acceptor labeled MutS is dynamic covering a broad range of values in the absence of adenine nucleotide (Figure 2b ). Addition of ADP, ATP or mixtures of ADP/ ATP S changes this to a bimodal distribution of high and low FRET states whereas ATP S results in mainly a high FRET state (Figure 2d.) Criticism: The authors talk about "long lifetimes" but do not show the data. Why not summarizing these results in form of a supplementary table? Moreover, how is taken into account that Taq MutS can form tetramers?
Page 6: "20 % of the molecules undergo transitions". It is not addressed or discussed which of the slowly interconverting forms of the protein are DNAbinding proficient. Since in the presence of ATPgS the high FRET is highly populated and it is known that in the presence of ATPgS MutS is unable to bind to DNA, one should discuss if the long-lived high FRET states observed are also not able to bind to DNA.
In the absence of nucleotide different subpopulation of MutS were observed: dynamic (Figure 2c ), stable high FRET, stable mid FRET and stable low FRET (Supplementary Figure 1) Noteworthy, the author state (without showing the rate constants) "Adenine nucleotides greatly reduce ... the number of fluctuations between states". This might be an important observation and help to explain why in sometimes association kinetics are reported to be biphasic (see also comment above).
Section: Conformations of MutS bound to homoduplex DNA Next the authors addressed the influence of DNA (homoduplex or heteroduplex DNA (GT or Tbulge) on the FRET efficiency of the donor/acceptor labeled MutS
In the presence of homoduplex DNA (500 bp, both ends blocked) even in the absence of adenine nucleotides two states (with a broad distribution) were observed with the high FRET being a bit more populated compared to the low FRET state. Similar results were observed in the presence of high concentrations of ADP or ATP (Figure 3a) .
Additional experiments and analysis of time traces revealed that the observed states are stable for seconds (Supplementary Figure 2) .
Please report dwell times for states. How do these rates compare to the fast searching reported in Figure 6 . What is the relevance of these two states if they are not interconverting on the time scale observed for searching a mismatch? How does the fact on page 7 that "low FRET state lasted longer than the observation times .. 15 sec" compare to the fast dissociation rate constant of MutS from homoduplex DNA.
Section: Mismatch recognition stabilizes the high FRET MutS conformation
In the presence of heteroduplex DNA (GT) (500 bp, one unblocked DNA end) only a high FRET population was observed with a slightly higher mean FRET efficiency in the absence of nucleotide. (Figure 3d In the presence of heteroduplex DNA (GT) (500 bp, both ends blocked) in the presence of ATP (2 mM) and 0.1 mM ADP/0.1 mM ATPgS both low FRET and a high FRET states were observed whereas without nucleotide or ADP (2 mM) only a high FRET states was observed (Figure 3f ).
In these experiments (especially in Supplementary Figure 4 ) almost 50 % of the population adopts a low FRET state. How does this compare to the 22% transition observed in the experiment shown with donor labeled MutS and acceptor labeled DNA in the presence of ATP (Figure 4 and Figure 5 ). Are those proteins that cannot perform the transition (Supplementary Figure 5d) dissociating during the buffer exchange (how long is this buffer exchange step?). If this is the case, why are not all proteins converted into the low FRET state? Does this mean that there are two forms of the sliding clamp and can they interconvert? Section: FRET between MutS and DNA confirms movement of the sliding clamp away from the mismatch Using donor labeled MutS and acceptor labeled T-bulge DNA the authors observed a (complete?) transition from a high FRET to a low FRET state when first 10 µM ADP was used during binding followed by addition of 100 µM ATPgS (Figure 4b ). In contrast, without addition of ADP during binding a high FRET state remained after addition of ATPgS. This experiment is key for one of the major conclusion drawn by the author but need additional experimental substantiation.
However, no data for the same experiment with ATP are shown. A complimentary experiment with donor/acceptor labeled MutS is shown in Supplementary Figure 4 . However, here only the experiments with pre-incubation of MutS and 10 µM ADP are shown, not, however, the experiment without nucleotide prior to the addition of ATP or ATP S. Please comment on this point.
Another point that needs to be tested: What is the influence of ADP-concentration on the life-time of the complexes. At high ADP, the lifetime of the complex is 2.25 s ( Figure 5 ). However, in experiments with sequential incubation of first ADP (0.01 mM) followed by ATPgS (0.1 mM) much lower ADP is used. There is no direct evidence which of the states in the pathway correspond to the ADP:ATP state. The authors themselves " ...propose that ADP->ATP exchange is associated with this final conversion step in the pathway." It has been shown that a state on DNA with only one ATP bound (actually AMPPNP) can exist (Monti et al. 2011) . However, it can also not be ruled out, that the observed one ATP-bound state on mismatched DNA reflects a "dead-end" complex not able to form a sliding clamp. Given the controversy in the literature and the lack of experimental evidence the authors should discuss also alternative models especially in light of the recent literature on the eukaryotic MutS homologs.
Minor points: Page 5: anti-digoxin should read anti-digoxin antibodies Page 8: "single end-blocked DNAs" do the author mean "unblocked DNA" or "single, blocked-end DNA" or DNA blocked on one end (by Biotin-streptavidin)? Page 8: "suggesting that ATP hydrolysis is not necessary, but ADP binding is necessary, for sliding clamp formation." In this the primary role of ADP is allow DNA binding by MutS. In the later experiment ( Figure 4 General This study addresses conformational changes in DNA mismatch repair protein MutS from Thermus aquaticus before, upon and after mismatch recognition using a single molecule FRET approach. The molecular mechanism of correct initiation of repair, associated conformational changes and how this is controlled by nucleotide cofactors has a long history within the MMR field, but is, at least in part, still unresolved. This study addresses several of the open questions and is complementary to a recent smFRET study on the same protein (Jeong et al, 2011 ) but provides additional interesting findings. The manuscript contains a wealth of data obtained from three different experimental setups, is well organized, well written and pleasant reading. This study reports two major findings. One is the observation of an intermediate on the pathway towards sliding clamp formation, which was not observed in the recent study by Jeong et al. It is tempting to speculate that this might be the same intermediate that has been observed in previous imaging experiments by these authors, and the mismatch verification state that has been inferred by other laboratories (Bjornson et al 2000 , Junop 2001 , Anthony and Hingorani 2004 , Lebbink et al 2006 and 2010 . The second major finding is the importance of an asymmetric nucleotide state during this process, again supported by abovementioned literature, but different in some of its details. Because of these observed differences, the manuscript would benefit from some additional information and discussion, as outlined below.
Major points Introduction: The nucleotide asymmetry of MutS is not introduced but a major part of the discussion deals with this. Existing literature data on asymmetry should be reviewed in the introduction. It should not be restricted to prokaryotic MutS, but include the eukaryotic homologs as well, as there is much known about these homologs (including a very recent study by Heinen et al, 2011) and interesting differences are observed. The same holds for the discussion, as the observed nucleotide states for prokaryotic and eukaryotic variants significantly differ.
Results: In the first paragraph, MD simulations provide information on the fluorophore distance in the presence of DNA. MD simulations in the absence of DNA have also been performed and are illustrated in figure 1, and might be discussed in the same paragraph to provide the predicted average distance under these conditions. The legend to this figure (1c) mentions that this conformation is a typical example. Do the authors mean that this conformation reflects the average swinging out of domains I, or the most extreme case of swinging out? This should be clarified in the legend.
Nucleotides modulate the conformational dynamics of free MutS: Two-third of the molecules display stable FRET, while one-third is dynamic. Is this typical for single molecule studies in general, or does this reflect a specific behavior of Taq MutS? Nucleotides reduce the number of fluctuations between states (see discussion) so is it possible that Taq MutS after purification exist as a mixture of nucleotide-free and nucleotide-bound species (like E.coli MutS) with different dynamic properties?
Conformations of MutS bound to homoduplex DNA:
Did the authors analyze FRET distributions on homoduplex DNA without the end-block? Jeong et al reported large differences in affinity for homoduplex in the absence and presence of the second block, interpreting this as trapping of MutS proteins that search for a mismatch. If this is also the case here, the low FRET population would be expected to disappear on unblocked homoduplex, and the fate of the high FRET population is interesting; is this 'closed' MutS on homoduplex fixed at a specific position ('incorrect' mismatch detection?) or still mobile? If this data is available it might be worth including.
Large movements of the DNA binding domains accompany ATP-triggered conversion of MutS to sliding clamp:
The assignment of the ATPgS-induced high FRET state to a closed conformation is done in the discussion (page 14 line 4), but this is assumed already in this results section (line 7) to explain lack of DNA binding. If the high FRET state is already assigned to the closed conformation in the first results section (page 6, line 15) this problem is solved. Tenth line of this paragraph: the authors state that ADP is required for sliding clamp formation. In the presence of ATPgS, no DNA binding is observed, most likely because at 0.1 mM ATPgS both nucleotide sites are filled with ATPgS and the protein is in a closed state. In a mixture of ATPgS and ADP, it is expected that a large portion of MutS forms a mixed nucleotide state that can still bind the mismatch (Anthony and Hingorani 2004, Monti et al 2011) and proceeds towards clamp formation via subsequent nucleotide exchange. So the ADP may merely prevent initial binding of the second ATPgS and thereby allow DNA binding and clamp formation, rather than being required directly for sliding clamp formation. This possibility should be discussed.
Sequential binding of MutS and subsequent addition of ATP or ATPgS results in a higher proportion of sliding clamps ( Figure S4 ). However, in this experiment only approximately 50% of MutS converts to sliding clamps. Why does the other 50% of MutS remain in a high FRET state, indicating it still has domain I closed and is therefore not a sliding clamp? In figure 4 , in which the protein-DNA FRET is monitored, all molecules convert to sliding clamp at these nucleotide conditions. Why is this different?
FRET between MutS and DNA confirms movement of the sliding clamp away from the mismatch. -The 0 FRET peak likely represents MutS bound non-specifically from the T-bulge site because this population is dramatically reduced on shorter DNAs (page 9). This is interesting data that could be included in the supplemental section. -Binding of both ADP and ATP are required for conversion of Taq MutS into a post-mismatchrecognition sliding clamp (page 10). This is a very intriguing observation (figure4), and the second major finding of this study which receives much attention in the discussion. It is unexpected because not all literature data support this claim. Jeong et al (2011) report Taq MutS sliding clamp formation induced with ATPgS without prior incubation with ADP. However, not all data reporting sliding clamp formation (protein-protein FRET in figureS4 and protein-DNA FRET in figure 4) gives identical results (50% clamps versus 100% clamps after ATPgS addition) while in both cases binding was performed in the presence of ADP. Furthermore, if we assume that the MutS sliding clamp contains two ATP/ATPgS cofactors, and the ADP/ATP mixed state is a required intermediate, clamp formation requires nucleotide exchange in the site containing ADP. This nucleotide exchange proceeds via an additional empty/ATP intermediate state. It is unexpected that in the experiments in figure 4e this sequence of empty/empty to empty/ATPgS to ATPgS/ATPgS is not possible. Maybe these observations point towards obligatory sequential nucleotide binding events, requiring ADP in a specific site. Additional controls are required. The experiment in figure 4c should be repeated with ATP, to be compared with S4h. The experiment in figure S4e/f should be repeated with no nucleotide before ATPgS addition, to compare with figure 4e. These experiments are expected to be consistent. An additional experiment would be to prebind MutS with 10 uM ATPgS and 10uM ADP + 10 uM ATPgS to create empty/ATPgS and ADP/ATPgS asymmetric states as done before by these authors (Anthony and Hingorani, 2004 ). These states should be able to bind the mismatch and conversion to sliding clamp can be studied upon addition of higher [ATPgS] . One unlikely but worrying explanation for lack of sliding clamp induction would be that the nucleotide-free fraction of protein is trapped in a partially inactive conformation on the mismatch exactly because no nucleotide is present to stabilize the nucleotide binding sites. This can however easily be ruled out by a no nucleotide/10 uM ADP/100 uM ATPgS triple sequence of events or similar control that would show that the observed protein is still active. Discussion Page 14, line 20. MutS with doubly-liganded ADP dissociates directly from the mismatch instead of undergoing ADP-ATP exchange to form a sliding clamp. 80% of the Taq MutS is observed to do this. This seems very inefficient considering in vivo repair and should be discussed. One possible explanation is that this observation is typical for Taq MutS at lower-than-optimal temperatures; the two different conformational changes (release of ADP or release of DNA) may be affected by temperature to a different extent, such that release of DNA becomes more prominent at suboptimal temperatures. Temperature effects on mismatch recognition and repair efficiencies have been reported before for E.coli MutS (Lebbink et al, 2006) .
Page 16, line 6. The doubly-liganded ADP MutS is not converted to a sliding clamp in the presence of ATP. This part of the discussion depends on the additional control experiments with sequential nucleotide additions as described above. It is very likely that sliding clamp formation proceeds via and ADP/ATP intermediate, but additional controls are required to prove that this only occurs via the ADP/ATP state binding to DNA rather than via nucleotide exchange of the ADP/ADP state on the DNA. If true, this is valuable information on the mechanism of nucleotide processing and the importance of the asymmetric nucleotide state for repair initiation. The argument concerning literature data of rates for nucleotide exchange is a difficult one, as it is unclear in these reported experiments from which site the observed nucleotide release is taking place. Depending on the outcome of the control experiments, the authors may want to consider an additional pathway between D:D and D:T states on DNA in their model. Thank you for the review of our manuscript. We appreciate the detailed and insightful comments from this set of obviously expert reviewers. Many of their suggestions have helped us to substantially improve our paper. We have revised the paper to include many new measurements and adjusted our discussions based on these new measurements and on the comments of the reviewers. We have added results of additional experiments in figures 3 and 4, added 6 new supplementary figures (supplementary figures 5 and 7-12) and included a supplementary table. The changes are fully described in the specific responses to each reviewer's comments below. In addition, we have numbered our responses to allow cross-referencing between them. We have also included an introduction section wherein we summarize our responses to recurrent themes in the reviews.
We believe our additions have addressed the concerns of the reviewers. We look forward to their comments on the revised manuscript and your decision about its suitability for publication in EMBO J. ____________________________________________________________________________ A summary of our approach to addressing key concerns of the reviewers, particularly the two highlighted as major points by the editor: Introductory response 2: Another major concern is that our strategy of dye-labeling the 500 bp DNA substrate with a backbone inserted Cy5 may result in aberrant MutS activity.
Several new experiments included in the revised manuscript allay this concern. Specifically, we used single molecule fluorescence measurements to compare binding of MutS to Cy5-modified and unmodified DNA substrates (new supplementary figure 10). The binding kinetics and equilibrium coefficients were the same on both substrates, indicating that the Cy5 modification does not alter the interaction between MutS and the mismatch. We also note that our measurements with the Cy5-modified 500 bp DNA are compared to measurements with a 50 bp DNA modified with Cy5 at the 5' terminal end of a nick 9 bases from the mismatch. The identical sliding clamp activation kinetics and response to ATP that we observe in both cases (compare figure 5 to supplementary figure 6) indicate that the fluorophore conjugation chemistry does not contribute to this MutS behavior. Based on all these observations, we conclude that the Cy5 linked to DNA 9 bases away from the mismatch is not misleading our studies. We have included discussion of the above points into the methods and supplementary methods sections of the paper.
Introductory response 3: The reviewers also suggested that we assess the nucleotide concentration dependences of the MutS behaviors measured in this study (for example, replies 7, 25, 26, and 48). Nucleotide titration measurements are unlikely to change our fundamental conclusions; however, we agree that the data might provide interesting mechanistic details. We are planning a complete study of this parameter space, which is beyond the scope of the current study focused on MutS function under near physiological conditions.
Detailed responses to individual comments are given below.
Qiu Reply 1: See our introductory response 1. 2) The authors should have also compared the DNA binding affinity measured in bulk measurement with that in the single-molecule experiment.
2) The authors inserted a Cy5 dye between DNA backbone (Supplementary Information
Reply 4: We have performed the suggested experiments, both in the presence and absence of ADP. The single molecule measurements agree with ensemble measurements. We have added these results to the methods, supplemental methods and supplemental figure 10, and have described these control experiments in the text.
3) MutS on 500 bp homoduplex binds longer than 17.5s (2.5s at high FRET + 15s at low FRET) (Page 7 line 7~8). In fig.5, the dwell time at the mismatch in the presence of ADP is 2.25s, which is 16 times shorter than 37s measured in the previous report (Jeong et al. 2011). This result suggests that MutS binding to the mismatch is weaker than on the homoduplex?
Reply 5 Reply 9: The details of the kinetics and affinity of nucleotide binding to Taq MutS are well established in the literature. We have verified that Alexa dye-labeled MutS hydrolyzes ATP as expected for wild-type MutS both in the absence and presence of mismatched DNA (introductory response 1). We have observed several effects of nucleotide exposure that are in agreement with the literature: for example, we observed the expected change in affinity for T-bulge DNA substrates as a function of ADP concentration (reply 2 and supplementary figure 10). Our assignments of MutS nucleotide liganded states are founded upon known nucleotide binding affinities. Based on this knowledge, several observed MutS behaviors upon exposure to different nucleotides can be interpreted as corresponding to the assigned nucleotide occupancy states. Some of the intermediate states in our model in figure 7 cannot be conclusively assigned to a particular nucleotide bound state within this framework. These states have been clearly indicated as unconfirmed with a grey shading and a question mark in the figure. They are also clearly discussed within the text and presented as open questions for future studies.
8) The manuscript is poorly written and presented. The authors describe the distribution of the FRET as "broad" or "narrow". These results can be expressed as a number like a standard deviation of the histogram. Moreover, how do they define the peak of the histogram?
Reply 10: The reviewer makes a valid point about descriptions of the peak and width of the histogram. We have added a sentence in the methods section describing our approach: "Histograms were fit with Gaussian functions and the center value and standard deviation parameter (s) of the fitted Gaussian function are used when peak or widths are indicated in the text." Further, we have quantified our statements of broad or narrow in the text by specifically indicating the width of the Gaussian fit when appropriate. In the methods, we have added a comment about the relationship between the Gaussian widths of histograms and the expected widths from the limit set by shot noise in these experiments. We have also included a supplementary table where we list all the Gaussian centers and widths for experiments using donor/acceptor labeled MutS.
We regret the reviewer's general dislike of the writing style, and hope that the revisions have mitigated this concern somewhat. We note also that reviewer 3 comments "The manuscript … is well organized, well written and pleasant reading."
Referee #2 (Remarks to the Author): Reply 11: We thank the reviewer for pointing out this oversight. Taq MutS can indeed assemble into tetramers, although to much lesser extent than E. coli MutS. Our experimental protocol was specifically designed to focus on dimers by including only events with exactly 1 donor and 1 acceptor fluorophore on MutS for FRET between domains I, and with 1 donor on MutS for FRET between the DNA and MutS. We verify single fluorophores by appropriate intensity and single step photobleaching or anti-correlated FRET changes indicating this label stoichiometry. Due to incomplete labeling of MutS (75% of cysteine labeled typically), there exists a possibility that incompletely labeled tetrameric MutS would meet the acceptance criteria for a dimer in our analysis protocol.
To address this issue, we have performed additional experiments and determined the fraction of MutS in tetrameric form under our experimental conditions. We mixed Alexa 555-only labeled MutS with Alexa 647-only labeled MutS and repeated a subset of the experiments. Colocalization of both dyes is interpreted as the presence of 2 dimers or potentially a tetramer. We observed these potential tetramers in the range of 10-20%, which agrees well with previous AFMbased characterization cited by the reviewer (Wang et al., (2003) PNAS 100, 14822) , and is substantially lower than the tetramerization fraction for E. coli MutS in the recent AFM study (Jiang and Marszalek, EMBO J, 2011) .
Because of our high efficiency of labeling (~75%) and acceptance criteria, the fraction of molecules that are tetramers is less than 10% in our measurements. Additionally, in order to confirm that some of the subpopulations that we observe (switching behaviors, sliding clamp activation, etc.) are not due to the inclusion of tetramers, we repeated several key experiments with lower concentrations of MutS. These measurements, with samples containing even smaller fraction of tetramers, yielded the same subpopulation behaviors (new supplementary figure 12) . We have added a paragraph to the methods section describing the tetramerization and the multiple controls performed to rule out the possibility that tetramers influenced the observed MutS behavior in our experiments. In the revised supplementary methods section we have provided extensive details of these experiments and the statistical analysis used to estimate the contribution of incompletely labeled tetramers in our data set.
Finally, given the fact, that two recent studies addressing the role of ADP/ATP for the homologous eukaryotic MutS proteins (MutS&#x03B1; and MutS&#x03B2; had been published Heinen, C.D. et al. hMSH2 controls ATP processing by hMSH2-hMSH6. J Biol Chem (2011). Lang, W.H. et al. Conformational trapping of Mismatch Recognition Complex

MSH2/MSH3 on repair-resistant DNA loops. Proc Natl Acad Sci U S A (2011) the authors should take the opportunity during revision to discuss in detail similarities and differences between these models. Interestingly, all three studies come to different models regarding the nucleotide status of intermediates preceding and the sliding clamp form of MutS. For example in the study on MutSalpha by Heinen et al. a ADP/ATP state is regarded as a dead-end complex whereas a nucleotidefree form is a key intermediate.
Reply 12: We have added text where we report our finding of the ADP/ATP intermediate to compare and contrast with other models in the literature, including the recently published work by Heinen et al., 2011 We did not include mention of the Lang et al. paper that studied human Msh2-Msh3 because in our opinion the properties and activities of Msh2-Msh3 are sufficiently different from the Msh2-Msh6 family that direct comparisons are not appropriate, at least at the current state of knowledge. We agree with the reviewer that highlighting similarities and differences in various published models of these intermediate states is important, and hope that our explicit comparison will motivate future investigation into the significance of these differences.
I have several points (as detailed below) about missing controls/experiments that are needed to substantiate the conclusions made:
Other points (listed in the order of appearance in the manuscript:
Section: Nucleotides modulate the conformational dynamics of free MutS The authors use molecular dynamics simulations of MutS modified with the dyes used in smFRET (Figure 1). "Molecular dynamics (MD) simulations suggest the average fluorophore separation (red/magenta dots Fig. 1b) is 20 &#x00C5; in the crystal structure conformation, which predicts FRET efficiency near 1."
Reply 13: We have added supplementary figure 8 showing the distribution of distances between the fluorophores obtained from the simulation.
The authors state that the "Molecular dynamics simulations (supplemental methods) suggest the low FRET species involve conformations with domains I 'swung-out'".
Several assumptions are made when calculating distances only from FRET efficiencies. For example, the quantum yield of the dyes should not change between the states. Moreover, the mobility of the dyes, which can be measured by fluorescence anisotropy (see also vanBeek et al, Biophys J. 2007 June 15; 92(12): 4168-4178). Since the dyes are large it is not unlikely, that conformational changes in MutS lead to changing in these parameters of the dyes and hence increase the uncertainty in calculating distances.
Reply 14: The reviewer's point about the dependence of FRET efficiency on fluorphore quantum yield and mobility is correct. In this work we do not attempt to determine precise distances between donor and acceptor based on FRET, nor do the conclusions of our study depend on knowing these distances. Rather, our point is that the large changes in FRET between domains I under various conditions (for example, FRET changes from 0.9 to 0.15 in Figures 2d and 3) are consistent with the distances between domains I observed in the simulation relative to the mismatch bound crystal structure. Major changes in quantum yield are ruled out by the constant levels of fluorescence emission from single labeled samples (for example, donor emission after acceptor bleaching in supplemental figures 1b, 1d, 1e, 2c, 3c and 3f) or in the nearly constant sum of acceptor and donor emission seen in FRET coupled intensity traces. Effects on FRET due to changes in dye mobility are expected to have much smaller impact on FRET changes except in special pathological cases that are not expected to be as commonly repeatable as the few distinct states detected in our experiments. We have noted these issues in the methods section with the formula used to convert FRET efficiency to dye separation. Reply 15: We have added a movie illustrating the entire simulation as supplementary data, and have added the distribution of distances between the fluorophores predicted by the simulation as supplemental figure 8 .
In the supplement they state: "We observed dynamic motions of domains I consistent with the range of FRET values observed in our solution experiment (Figure 1c). These simulations are not realistic and are only intended to suggest the possible range of positions and orientations of domains I relative to the remainder of
The authors use a MutS mutant containing a single cysteine at position 88 in the domain I of the homodimer. The protein was labeled with Cy3-maleimide or IAANS-maleimide and found to display similar DNA binding affinities to a T-bulge containing DNA (length and sequence not specified but I guess the same DNA was used as in Jacobs-Palmer and Hingorani, 2007) labeled with TAMRA (fluorescence anisotropy). (I guess measured in the absence of nucleotide since this was not stated) However, for the single molecule experiments Taq-MutS labeled with either Alexa Fluor 555 and Alexa Fluor 647 or only labeled with Alexa Fluor 555 were used.
Criticism: since a major part of the experiments aim at the influence of adenine nucleotides on the conformational changes in MutS, the authors should provide evidence that the labeled MutS (with the dyes used for the smFRET experiments) is functional. In principle, I do not doubt that this will be the case, but given the confusion and the various models existing already in the literature on the DNA scanning, mismatch recognition and repair signaling process it is an important control. Since the group of M. Hingorani has well established assay to test this, I recommend performing presteady state ATP-hydrolysis experiments. Since Alexa Fluor 555 and 647 are used, the labeled protein could be used in an ATPase assay with MDCC-labeled phosphate binding protein as has been done before (Jacobs-Palmer and Hingorani, 2007).
Reply 16: See introductory responses 1 and 2.
The authors demonstrate that FRET efficiency between donor/acceptor labeled MutS is dynamic covering a broad range of values in the absence of adenine nucleotide (Figure 2b). Addition of ADP, ATP or mixtures of ADP/ ATP&#x03B3;S changes this to a bimodal distribution of high and low FRET states whereas ATP&#x03B3;S results in mainly a high FRET state (Figure 2d.) Criticism: The authors talk about "long lifetimes" but do not show the data. Why not summarizing these results in form of a supplementary table?
Reply 17: In these experiments, the lifetime of the acceptor dye before it photobleaches is shorter than the lifetimes of these states, thereby prohibiting precise measurement. Our report of the fraction of molecules with transitions is for molecules that have no more more than 1 transition. Although we could change the experimental configuration to specifically measure these states, in this study our focus is on the lifetimes of the mismatch activated states ( Figure 5 ). We have modified the statement in the beginning of the discussion section from "long lifetimes" to "The lifetimes of these states, which extend for several seconds (quantitative characterization prohibited by dye photobleaching), indicate that they are relatively stable." We also checked the rest of the text carefully in the results section describing figure 2, and consider the statement that "2/3 of molecules exhibited stable FRET for the entire measurement before photobleaching" is accurate and sufficient for the scope of this paper. We appreciate the reviewer's comment because our revised text more accurately describes the observation.
Moreover, how is taken into account that Taq MutS can form tetramers?
Reply 18: Reply 11 describes in detail our approach to assess the potential significance of MutS tetramers in our experiments. We have added text to the methods and supplementary methods section detailing the additional experiments performed. Briefly, the fraction of molecules that are tetramers is less than 10% in our measurements. We repeated the encapsulation experiments with 7 fold lower MutS concentration where tetramerization is substantially lower for two key conditionsno nucleotide and with ADP. MutS behavior under these conditions was nearly identical to that at higher concentration, suggesting tetramers do not unduly influence our conclusions. This new information has been included in a new supplementary figure 12 and supplementary methods section on tetramers. Reply 19: The result mentioned by the reviewer is related to experiments measuring FRET between domains I on DNA-free MutS. We have not resolved the dynamics of the FRET signal during the transition between the DNA-free state and the DNA-bound state; thus, we cannot specifically address which populations are capable of binding DNA. We agree that the question is an interesting one and plan to pursue it in the future. Figure 1) 
In the absence of nucleotide different subpopulation of MutS were observed: dynamic (Figure 2c), stable high FRET, stable mid FRET and stable low FRET (Supplementary
Noteworthy, the author state (without showing the rate constants) "Adenine nucleotides greatly reduce ... the number of fluctuations between states". This might be an important observation and help to explain why in sometimes association kinetics are reported to be biphasic (see also comment above).
Reply 20: We agree with the reviewer that this observation is significant. We do not report rate constants for the fluctuations because the rates of photobleaching of the dyes conjugated to MutS are sufficiently high to present a serious complication for precise measurements. We have added a statement to the text that photobleaching prevents quantitative characterization of these rates under our current experimental protocols.
Section: Conformations of MutS bound to homoduplex DNA Next the authors addressed the influence of DNA (homoduplex or heteroduplex DNA (GT or Tbulge) on the FRET efficiency of the donor/acceptor labeled MutS
In the presence of homoduplex DNA (500 bp, both ends blocked) even in the absence of adenine nucleotides two states (with a broad distribution) were observed with the high FRET being a bit more populated compared to the low FRET state. Similar results were observed in the presence of high concentrations of ADP or ATP (Figure 3a) . Figure 2) . Figure 6 . What is the relevance of these two states if they are not interconverting on the time scale observed for searching a mismatch? How does the fact on page 7 that "low FRET state lasted longer than the observation times .. 15 sec" compare to the fast dissociation rate constant of MutS from homoduplex DNA.
Additional experiments and analysis of time traces revealed that the observed states are stable for seconds (Supplementary
Please report dwell times for states. How do these rates compare to the fast searching reported in
Reply 21: Our intent with the sentence "low FRET states lasted longer than the observation times .. 15 sec" was to note that we cannot accurately determine the dwell times of these states because they regularly extend into the time scale dominated by Alexa dye photobleaching. We have adjusted the sentence to further clarify this point. Importantly, for our conclusions, the dwell times of these states are significantly longer than the time spent in the fast searching phase.
We do not have a conclusive answer as to the relevance of the two domain I conformational states on the functionality of MutS during the searching phase. Our current experiments cannot determine which of these conformations might be coincident with mismatch recognition.
We do not completely understand the reference to the fast dissociation rate constant from homoduplex DNA. The dissociation rate will depend on the length of the DNA and, potentially, the end blocking. On our 500 bp homoduplex end-blocked substrates we observe MutS bound for 5-15 seconds (see traces in supplementary figure 2). This lifetime may well be limited by photobleaching as noted in the text. Using much longer homoduplex lambda-DNA (48,502 bp) Gorman et al. (Molecular Cell, Vol. 28, 2007 page 359-370) observed S. cerevisiae MutSa remaining bound for several minutes. See also reply 5.
Section: Mismatch recognition stabilizes the high FRET MutS conformation
In the presence of heteroduplex DNA (GT) (500 bp, one unblocked DNA end) only a high FRET population was observed with a slightly higher mean FRET efficiency in the absence of nucleotide. (Figure 3d ) Additional experiments with short heteroduplex DNA (T-bulge or G:T) in the absence or presence of ADP or ATP revealed mainly a high FRET population. In the absence of nucleotide this state was persisting for > 10 sec. (Supplementary Figure 3) . Supplementary Fig. 6 
Why are no time traces shown for the donor/acceptor labeled MutS GT DNA similar as for the homoduplex DNA (and T bulge) in Supplementary Figure 2? In addition an experiment with unblocked T bulge DNA is shown in
(in the presence of ATP? -this is not stated in the Figure legend).
Reply 22a: We did not show the time traces for G:T DNA because they are essentially the same as the traces for T-bulge DNA. We have added a comment to the current supplementary figure 7 legend noting this fact, and have also noted the presence of 2 mM ATP in the experiment.
In this Supplementary Fig.6 high and low FRET states are observed but in Figure 3d Our progression to later experiments with the longer lived Cy5 attached to the DNA (for example, figure 5 ), allowed us to separate the different types of events and to characterize distinct steps of sliding clamp formation independently and quantitatively. We presented FRET data only for the Tbulge DNA in supplementary figure 7 to match the quantitative dwell time data presented for the Tbulge in figure 5. A systematic study of possible differences between MutS processing different types of mismatches is an interesting future project that is beyond the scope of the current study. (Figure 3f ). Figure 4) (Figure 4 and Figure 5 ).
Section: Large movements of the DNA binding domains accompany ATP-triggered conversion of MutS to a sliding clamp
In the presence of heteroduplex DNA (GT) (500 bp, both ends blocked) in the presence of ATP (2 mM) and 0.1 mM ADP/0.1 mM ATPgS both low FRET and a high FRET states were observed whereas without nucleotide or ADP (2 mM) only a high FRET states was observed
In these experiments (especially in Supplementary
Are those proteins that cannot perform the transition (Supplementary Figure 5d) dissociating during the buffer exchange (how long is this buffer exchange step?). If this is the case, why are not all proteins converted into the low FRET state? Does this mean that there are two forms of the sliding clamp and can they interconvert?
Reply 23: We thank the reviewer for their interesting observation about correlating data on protein conformational changes to the sliding clamp state. Firstly, the buffer exchange is performed by hand and requires typically 1-2 minutes between the buffer exchange and the initiation of subsequent measurements. We have added this information to the legends of figures 4 and S4 to make the protocol explicit.
We have performed new experiments (included as new panels 4d and 4g) that allow comparison of MutS:DNA FRET (Fig 4d) to domains I FRET on MutS (Supplementary Fig. 4i ) under nearly identical experimental conditions. Fig. 4d confirms complete conversion of MutS to sliding clamp state and supplemental figure 4i indicates presence of both the open and closed MutS conformations under these conditions; thus, we can conclude that the reviewer's intuition is correct--the sliding clamp state can exist with MutS domains I in distinct conformations. We have added a sentence in the discussion to highlight this point. Measuring intercoversions of domain I states in real time would require simultaneous observation of both FRET between domains I and FRET between MutS and DNA, which is beyond our current capability. Thus we cannot comment on the relative mobilities of the two states.
The figure 5 experiments are specifically designed to observe repeated instances of prompt mismatch interaction and release and therefore are not directly comparable to experiments in Fig. 4 or S4. Reply 24: We have added new experimental results as new figures 4d and 4g wherein we prebind MutS to mismatched DNA in either ADP or no nucleotide buffer and then exchange the buffer to one containing 100 micromolar ATP. In both cases we observe substantial conversion of MutS to sliding clamp state, which further supports our conclusions. Figure 5 ). However, in experiments with sequential incubation of first ADP (0.01 mM) followed by ATPgS (0.1 mM) much lower ADP is used.
Section: FRET between MutS and DNA confirms movement of the sliding clamp away from the mismatch Using donor labeled MutS and acceptor labeled T-bulge
Another point that needs to be tested: What is the influence of ADP-concentration on the life-time of the complexes. At high ADP, the lifetime of the complex is 2.25 s (
Reply 25: We have added new measurements of the lifetime of MutS bound to T-bulge mismatched DNA in buffer containing 10 micromolar ADP (new supplementary figure 5 ). This concentration is very interesting because it approaches the equilibrium affinities for nucleotides binding to the ATPase sites on MutS. We found that two lifetimes are required to fit the observed behavior, and the results are consistent with the expected nucleotide occupancies. See legend to supplemental figure 5 for complete details. See also introductory comment 3 for additional information about experiments as a function of nucleotide concentrations. Reply 27: We have performed additional experiments examining MutS on unblocked homoduplex DNA (new Fig. 3d ) that address the issue raised by the reviewer. See reply 43 for more details. Reply 40: The reviewer makes a good point that readers will find an overview of the existing literature about asymmetric nucleotide processing by MutS dimers to be very useful. We have added a paragraph in the introduction section to direct readers to articles addressing key ideas in this area of the literature. We cannot review this topic in additional depth due to limitations on the length of the manuscript for this journal.
Section: Resolving the steps leading to MutS sliding clamp formation Using donor labeled MutS and acceptor labeled T-bulge DNA the authors observed that in the presence of ATP 80 % of the MutS bound at the mismatch does not convert into sliding clamps but dissociate from DNA (Figure 5)
Results: In the first paragraph, MD simulations provide information on the fluorophore distance in the presence of DNA. MD simulations in the absence of DNA have also been performed and are illustrated in figure 1 , and might be discussed in the same paragraph to provide the predicted average distance under these conditions. The legend to this figure (1c) Reply 41: We have added more details about the MD simulation results. New supplemental figure 8 has been added to show the distribution of distances from both simulations. Rather than describing figure 1c as typical, we now mention in the supplemental figure 8 legend exactly where in the distribution that configuration occurs. Further, we have submitted a movie of the full simulation of the possible motion of domains I. Reply 43: We have performed the suggested experiments on homoduplex DNA without end blocking and have included them as new panels c-d in Figure 3 . As the reviewer expected, the low FRET peak decreases greatly without the block. It is not possible to determine if the high FRET population is mobile or immobile since these experiments do not monitor the position of the protein relative a fixed location on the DNA. Demonstrating mobility on homoduplex DNA would require tracking the protein along the DNA, which requires very long DNA and a different experimental setup. In response to the reviewer's comment, we revised the text in the homoduplex results section to a more conservative conclusion that stability of the high FRET state on homoduplex DNA is greater than that of the low FRET state. We agree with the reviewer that it is an interesting question for future research whether the high FRET state on homoduplex DNA is mobile or fixed. Reply 44: We thank the reviewer for this suggestion. We have added a comment in the results section (original submission page 6, line 15) suggesting the ATPgS-induced high FRET state is similar to the closed, DNA bound configuration in crystal structures such as the one reproduced in figure 1a (note: the closed state that blocks DNA binding is closure of domains IV not domains I). Reply 45: We do not consider the sole role of ADP as preventing ATPgS occupancy at both sites and thereby allowing MutS to bind DNA. In the experiments mentioned by the reviewer, we bind MutS to mismatched DNA in the absence of nucleotides and then add ATPgS to the reaction. Thus, ATPgS does not prevent DNA binding. Rather, exposure to ADP is required for sliding clamp formation as is seen by comparing Fig. 4c to 4f. Figure S4) Reply 48: The reviewer makes several points in this criticism, which we have underlined to guide our reply.
Nucleotides modulate the conformational dynamics of free MutS
Sequential binding of MutS and subsequent addition of ATP or ATPgS results in a higher proportion of sliding clamps (
The reviewer notes that the distributions of sliding clamp activation in figures 4 and S4 show differences. Please see reply 23 for a detailed response wherein we describe results from additional experiments, which indicate that the MutS sliding clamp state can have domains I in distinct conformations, and thus resolve the discrepancy.
Newly added control experiments with no nucleotide followed by ATP exposure (Figure  4g ), and the suggested sequence of no nucleotide ->10 micromolar ADP -> 30 micromolar ATPgS (see graph below, experimental details are similar to Figure 4g) show that the no nucleotide state is not a dead end.
As discussed in the introductory response 3, we plan to do detailed studies of nucleotide concentration dependences in the future. (Lebbink et al, 2006) .
Discussion
Reply 49: We agree it is possible that the specific fraction of MutS that dissociates from the mismatch rather than forming the sliding clamp in presence of ATP may be affected by temperature. However, even if the fraction does change, the overall mechanism involving the intermediate step is unlikely to be affected by temperature. We have added a comment in the manuscript about the possibility and added the citation to Lebbink 2006. against acceptance, remaining unconvinced by your responses to their most important criticisms originally raised (please see below).
I have now further consulted with referee 2 regarding the validity of these critical arguments. In brief, referee 2 agreed to several of these concerns, but also found that additional lines of evidence in the paper to some degree address them, while offering concrete suggestions on how some other problems could be satisfactorily addressed within the scope of the current study. I am therefore inclined to allow an exceptional, additional round of revision in this case, in which I would like you to follow the recommendations and requests made by referee 2 in their report below, as well as in their comments on referee 1 (the relevant parts of which I am copying after the reports, including 5 concrete recommendations). Of course, please also carefully comment directly to referee 1's report in your response letter. With these additional supporting data and modifications to the manuscript, we should be able to ultimately accept the paper for publication.
I am sorry for this rather complex decision letter, but hope that the main points are clear and that the process may ultimately help to make the study a well-suited candidate for publication. Of course, should you have any further questions, please do not hesitate to get back to me. To address the concerns and suggestions expressed by referees, the authors performed additional experiments. Some of these problems were resolved and this revised manuscript was improved from the new experiments and analysis. However, there still remain substantial problems with the experimental analysis and the interpretation, which should be fully clarified before publication anywhere.
-"Introductory response 2: Another major concern is that our strategy of dye-labeling the 500 bp DNA substrate with a backbone inserted Cy5 may result in aberrant MutS activity. Several new experiments included in the revised manuscript allay this concern............"
No experiments were included where the homoduplex DNA was labeled with Cy5 to determine whether there is significant MutS dye binding. MutS dye binding does not necessarily display the high FRET close to '1' since the backbone inserted Cy5 and the position of the donor on MutS are different from those of Jeong et al. (2011) . The FRET efficiency of mismatch binding might be similar to that by the backbone Cy5 binding. In fact, the FRET distribution is broader than that of a sliding clamp (zero FRET efficiency) as shown in Fig. 5h , which might suggest that the FRET efficiency on MutS mismatch binding includes the Cy5 binding (if the distribution of the FRET efficiency was constructed by average FRET values of a single binding event). Clearly these control experiments on homoduplex DNA are necessary for an appropriate evaluation.
-"Introductory response 3: The reviewers also suggested that we assess the nucleotide concentration dependences of the MutS behaviors measured in this study (for example, replies 7, 25, 26, and 48) . Nucleotide titration measurements are unlikely to change our fundamental conclusions; however, we agree that the data might provide interesting mechanistic details. We are planning a complete study of this parameter space, which is beyond the scope of the current study focused on MutS function under near physiological conditions."
The nucleotide bound states were never examined directly but were indirectly interpreted based on FRET changes in clearly non-physiological conditions. A 2 mM ADP concentration will never exist in vivo, and will surely force two-sites binding by MutS. Moreover, experiments with lower ADP concentrations followed by ATP/ATPgS clearly suggest that there is a difference between MutS activities at high ADP and low or no ADP (see Fig. 4 c,d ; Suppl. Fig. 4) . The experiments that suggest that ATP often transits directly off the DNA similar to a high ADP concentration also never examined nucleotide occupancy nor the amount of ADP/ATP in the reaction during the single molecule measure. The hydrolysis of ATP by MutS during the reaction could conceivably release significant amounts of ADP that similarly push two sites asymmetric and/or symmetric nucleotide binding. Cellular concentrations of ADP are likely to be < 1uM since it is rapidly transported/utilized by the ATP synthetic machinery. Thus, the authors are basing much of their interpretation of nucleotide occupancy on indirect measures that may potentially force binding at non-physiological nucleotide conditions or ratios.
-"Reply 8: At this time, there is no high-resolution structural information available on the conformations of MutS in these two different sliding modes; thus, we cannot speculate about the detailed protein:DNA interactions that account for the different observed diffusivities."
The authors conclude that the sliding of ATP-bound MutS is significantly slower than MutS diffusing on homoduplex DNA. As pointed out in the previous review, this is likely to be incorrect since continuous contact with DNA during mismatch searching retards the diffusive motion of the protein while the sliding clamp is unlikely to maintain continuous contact with the DNA (as proposed in the author's model).
According to the first-passage time analysis the dwell time measure of MutS on the mismatched DNA (500 bp) is critical to the calculation of the diffusion coefficient. It is quite possible that the dwell time of ATP-bound MutS is significantly overestimated . There may be several contributors to a longer dwell time. A 500 bp DNA that extends 170 nm in length is longer than the persistence length of dsDNA (~150 bp). Thus, the 500 bp DNA may not extend straight up from the surface. Could this flexible (at least semiflexible) DNA make ATP-bound MutS dwell on the DNA longer? The MutS sliding clamp can move in both directions once it has dissociated from the mismatch. This means that if the sliding clamp has dissociated in the direction of the flow chamber surface, it might nonspecifically and temporarily interacted with the surface slowing diffusion on the DNA and increasing the dwell time. Finally, if the sliding clamp has dissociated in the direction of the surface, it must re-transit the mismatch to dissociate from the DNA. This might produce an unknown barrier to diffusion off the open DNA end. Such a "trapping" could clearly increase the dwell time and bias a diffusion measure. Since there is no direct measure of diffusion, these calculations are highly suspect and should be removed from the manuscript.
Other comments on the revised manuscript:
The "new" issues brought up in this manuscript involve potential intermediate conformations as well as the nucleotide bound states. A presumed new "intermediate' conformation could easily be explained by the ATPase kinetic differences between the wild-type protein and the mutant MutS (used to conjugate the Alexa fluorophore for single molecule analysis). This new "intermediate" has an ~ 2 sec lifetime. The pre-steady state ATPase analysis that was used by the authors to demonstrate equivalence between the wild-type and mutant proteins (Suppl. Fig. 11 ) does NOT show equivalence. In fact there is about a 2-fold difference in the initial burst (4.8 sec versus 9.3 sec). Such an initial burst encompasses both nucleotide binding and hydrolysis. The nearly 4 sec burst difference could easily account for an ~ 2 sec slower nucleotide binding which could easily explain an "intermediate" state. In such a case the "intermediate" would have no physiological significance for the wild-type protein. Moreover, an examination the entire pre-steady-state curves appear consistent with wide spread reduced mutant protein activity, suggesting either inactive protein components or a mutant protein with altered activity. One cannot help but wonder whether this is a global problem in this MutS labeling system of locating the fluorophore in Domain I that must also interrogate the mismatched DNA.
The intermediate FRET state could also be interpreted as follows. The sliding clamp that has dissociated in the direction of the flow cell chamber surface must re-transit the mismatch to dissociate from the DNA. In fact, the representative trace shown in Fig. 5g may indicate such a transit. There is a high FRET state (mismatch binding) that transits to an intermediate FRET state (movement between the surface and the mismatch) that then appears to transit to a higher FRET state prior to a transit of the MutS over and beyond the mismatch-Cy5 to the open end. As a result, the intermediate state resulted from the diffusion of the sliding clamp near the Cy5 (22% of the mismatch binding events). Such a system could also bias a diffusion measure (see above), which makes the dwell time of ATP-bound MutS ambiguous. This is further underlined by the fact that short DNA (50 bp), where "trapping" between the surface and mismatch would be dramatically reduced, appear to display no such intermediate.
The MD simulations are similarly suspect. The authors acknowledge that they are unrealistic and an examination of the methods makes this point even more striking. The MD simulations are clearly pilot studies where only the dihedral angles were allowed to relax, and those were performed in the absence of salt and water! One also needs to include repulsive non-bonded potential, which the authors did not. More "realistic" simulations should be in appropriate salt solutions and without restraints on atomic motion. In addition, there was no mention of whether water was included in the MD simulation? If it were not, the domain-domain electrostatic interactions would be magnified, essentially nullifying the structural conclusions drawn by the authors.
Finally, the authors appear to interpret their results based on what also appears to be their own biases. The fact that MutS bound to a mismatch in the absence of nucleotide does not efficiently convert to a sliding clamp in the presence of ATPgS does not necessarily suggest that the protein must be simultaneously bound by ADP and ATP. It may in fact suggest that ADP is required for an accurate positioning of MutS on a mismatch that then allows appropriate ATP binding by both nucleotide binding sites. This would be consistent with the results of Monti et al., (2011) , which clearly suggest that singly ADP-bound MutS has a greater affinity for a mismatch than doubly ADPbound MutS, which in turn is consistent with the idea that ADP-bound MSH binds mismatched DNA more avidly going back to Gradia et al., (1997) . Clearly, forced binding of ADP at nonphysiological ADP (2 mM) is significantly less efficient at mismatch recognition (also see Monti et al., 2011 ). Occam's Razor would suggest that a singly ADP-bound MutS is likely to be the physiologically relevant mismatch binding form. One could then make the case that the authors' FRET changes merely suggest an order to nucleotide binding rather than a clear nucleotide occupancy of individual sites. The idea that it is a nucleotide binding order that is important would appear to support the nucleotide binding/release model that the authors were trying to rule out (Acharya et al., 2003; Heinen et al., 2011) .
The revised manuscript by Qui et al. has been improved significantly. The authors carried out additional controls to address the two major concerns. Indeed, they could demonstrate that neither the modification of the protein by Alexa 555 (see Supplementary Fig. 11 ) nor the backbone modification of the DNA (Supplementary Fig. 10 ) was affecting the observed phenomena described in this manuscript.
(1) The simulation only reveals motions of domain I but not domain IV. However, domain IV is accepted to be mobile (e.g. in order to allow binding to DNA) The relevance of the MD simulation is uncertain and this should be stated also in the main text.
(2) In reply 14: The authors rule out one concern that the low FRET is due to changes in quantum yield but do not address the mobility of dyes experimentally although this is an important point to derived from FRET efficiencies distance information. I agree that in many case a change in FRET efficiency is often attributed to changes in dye-dye distance but recent sm studies have shown that control of dye mobility e.g. by fluorescence anisotropy measurement is important to derive accurate distance information from FRET efficiencies (e.g. see Sindbert et al., (2011) Accurate distance determination of nucleic acids via Forster resonance energy transfer: implications of dye linker length and rigidity. J. Am. Chem. Soc., 133, 2463 Soc., 133, -2480 By showing a figure and the movie and the authors should clearly point out in the main text that the 'swung-out' state is one explanation for the observed low FRET state seen in Figure 2 and 3. However, smaller conformational changes resulting also in changes in the mobility of one or both dyes might also result in the observed lower FRET efficiencies. Such a caveat should be added to the main text.
Referee #3 (Remarks to the Author):
The authors have been able to address all referee comments and have clearly described the incorporated changes. Several new and control experiments have been incorporated that greatly improve the quality of the paper. This study is a valuable addition to the MMR field, describing in detail the conformational changes in MutS after mismatch recognition and its regulation by nucleotides. Referees #1 is correct in his statement: Indeed, the homoduplex control for this type of experiment is missing. However, the authors provide evidence that the modification is not influencing dramatically the observed activity on +T heteroduplex DNA: "Specifically, we used single molecule fluorescence measurements to compare binding of MutS to Cy5-modified and unmodified DNA substrates (new supplementary figure 10). The binding kinetics and equilibrium coefficients were the same on both substrates, indicating that the Cy5 modification does not alter the interaction between MutS and the mismatch." Of course, it would be better to include a homoduplex control labeled with Cy5. However, this would not rule out that the dye on the +T DNA can influence the details of the stepwise formation of the sliding clamp which is/should not occur on homoduplex DNA. I think it is a general problem of single molecule fluorescence methodology that the inclusion of dye-labeling can influence the system under investigation and in the worst case lead to aberrant conclusion. I think the proposed three states have been also observed using dual labeled MutS (Supp. Fig. 7 ). ** Recommendations #1: The authors should perform a similar analysis for the data shown in Supp. on Ref1: "The nucleotide bound states were never examined directly but were indirectly interpreted based on FRET changes in clearly non-physiological conditions. A 2 mM ADP concentration will never exist in vivo, and will surely force two-sites binding by MutS. Moreover..."
------------------------------------
Referees #1 is again correct in his statement that the nucleotide bound-states were never examined directly which to my knowledge is not possible in the sm-setup used in this study. However, the ** Recommendation #4: The authors should clearly point out the concerns raised by the referees and point to future single-molecule experiments with proteins labeled at other positions. One set of straightforward experiment (see introductory comments) would be to measure the stopped-flow kinetics of ADP or ATP-induced MutS-DNA dissociation (which should involve all steps shown in Figure 5 ) for modified and unmodified proteins similar as shown in Geng et al. 2012 . (Fig. 4) . These experiments could also include binding to homoduplex DNA with and without the Cy-5 modification.
on Ref1: "The MD simulations are clearly pilot studies where only the dihedral angles were allowed to relax, and those were performed in the absence of salt and water! (...) In addition, there was no mention of whether water was included in the MD simulation? If it were not, the domain-domain electrostatic interactions would be magnified, essentially nullifying the structural conclusions drawn by the authors.
I agree with referee #1 as pointed out in my response to the revised version. ** Recommendation #5: Downplay the MD simulations (remove from main text).
2nd Revision -authors' response
